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(57) Abstract 

A machine tool coordinate measuring machine 
(CMM). The CMM includes a frame having one or more 
members and a table on which the workpiccc is secured. 
The members and table are movable relative to each 
other, typically along 3 axes. A probe assembly having 
a probe configured to contact a desired surface of the 
workpiece is mounted on one member of the machine 
tool frame and one or mqre scales are mounted on the 
machine tool frame to provide positional data identify- 
ing a relative position between various pairs of either the 
members and/or table along each axis. A controller con- 
trolls the probe assembly, reads die scales to obtain the 
positional data. The controller includes a multidimen- 
sional temperature compensation unit that dynamically 
determines temperature characteristics of the machme 
tool frame based on information provided by temper- 
ature sensors mounted on the Arame and compensates 
the positional data accordingly. A volumetric compen- 
sation unit mathematically models and measures repeat- 
able geometric errors of the machine tool frame and 
compensates the positional data accordingly. Thus, the 
controller generates compensated positional data, which 
is stored and subsequently used by a conventional mea- 
surement planning, analysis and reporting unit. This 
unit Is responsive to the operator, generating commands 
for use by the controller and analyzing the compensated 
positional data to determine the location of pomts along 

a surface of the workpiece. Tbe machine tool CMM op- ' 
crates with high accuracy and repeatability in workshop 

environments and, as such, can be integrated into the workpiece manufacturing cycle to monitor in real time the quality of the process and 
to identify when corrective feed-back actions that prevent the production of defective components aie required. 
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Background Of The Tnvftnrin^ 



Field of the Invention 

The present invention relates generally to metrology and, more particularly, to 
coordinate measuring machines. 

RehUedArt 

Coordinate measuring machines (CMMs) have traditionally been used to gatiier 
dimensional data for inspection and process control purposes. For example, CMMs operating 
in three axes of movement are commonly utilized to process measurement and dimensional 
data to analyze trends in manu&cturing processes and to provide data that can correct such 
processes before a worIq)iece or a workpiece feature drifts out of tolerance. 

Typically, a workpiece is secured to a fixed table, and a measuring probe is secured to 
an arm which is movable in tiie vertical and horizontal planes. To measure the position of a 
point on tiie wotlq>iece, the probe is brought mto contact with the point and the X, Y and Z 
measuring scales of ttie CMM are read. To rneasure a distance between two points, the points 
are contacted successively, the coordinates of both points are read, and the distance is 
calculated from the coordinates. State of the art coordinate measuring machines have 
refinements such as high resolution measuring systems, electrical contact probes, motor 
drives, conipxiter controlled drives and computer acqusition and data processing systems. 

One example of a conventional moving bridge CMM is shown in Figure 1 . Mounted 
on a fixed machine table 152 of CMM ISO is a wor]q>iece 1 SI to be measured. The Y- 
and Z- axes of CMM 1 50 are illustrated. In moving bridge CMM 150, a bridge 1 54 moves in 
one linear axis (the Y-axis) across the table on guideways 1 56 mounted on table 1 52. A 
carriage 158 travels perpendicular to the X-axis along bridge 154 (the Y-axis) on guideways 
mounted on bridge 1 54. Carriage 1 58 has a vertical control colimm or ram 160 that moves 
perpendicularly to the X- and Y-axes along the Z-axis. A probe assembly 162 mounted to the 
lower end of ram 160 moves vertically through bearings on carriage 158. As such, probe 
assembly 1 62 can be translated to any desired position within the measurement volimie to 
measure points along a workpiece surface. A scale 164 between bridge 1 54 and table 152, a 
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scale 166 between carriage 158 and bridge 154, and a scale 168 between ram 1 60 and carriage 
158 indicate the positions of the movable elements in the three axial directions. To measure 
the coordinates of a point on workpiece 151, probe 162 is brought into contact with the point 
of interest. Probe 1 62 senses contact and causes a system computer (not shown) to read and 
store the readings on the three scale systems. An example of a moving bridge coordinate 
measuring machine is the model MicroXcel 765 CMM manufactured by Brown & Sharpe 
Manufacturing Company, North Kingston, Rhode Island, USA. 

Another conventional type of CMM, commonly refetred to as a horizontal arm CMM 
is illustrated in Figure 2. Horizontal arm CMM 200 includes various components closed by a 
cover system, such as bellov^ 208, as is well known in the art A horizontal arm assembly 
206 is enclosed within bellows 208 at the front and a hard cover 21 0 at &e rear. Horizontal 
aim CMM 200 includes a base 212 on which is siq)ported a vertical column assembly 214 
attached to an X- axis carriage movable along a first horizontal coordinate axis (the X-axis). 
Vertical column assembly 214 movably supports horizontal arm assembly 206, having 
mounted thereon a probe assembly 216. Horizontal arm assembly 206 is carried on the YZ 
carriage 218 movable vertically on vertical column assembly 214 along a second cooidinate 
axis (the Z-axis). Horizontal aim assembly 206 is movable horizontally on a YZ carnage 218 
along a third or Y-axis parallel to the longitudinal axis of horizontal arm 206. Each of the X-, 
Y- and Z-axes are orOiogonal to each other in a mamier well known in the art 

Base 212 supports a woriq)iece to be measured (not shown) which may be disposed 
within a measurement volume so as to be accessible for inspection by movement of probe 
assembly 216 to points of interest on the woikpiece. Detachably moxmted on base 212 and 
vertical column assembly 214 are pairs of spaced apart guideway members (not shown) each 
elongated and extending parallel to each other along the X-, Y- and Z-axes. Further features 
of horizontal CMM 200 are disclosed in U.S. Patent No. 4,887,360 to Hemmelgam et al , the 
specification of which is hereby incorporated by reference in its entirety. An example of a 
conventional horizontal arm coordinate measuring machine is the Layout Gauge 200H 
manufactured by Brown & Sharpe Manufacturing Company, North Kingston, Rhode Island, 



In operation the moving components of the CMM are supported on respective bearing 
surfaces that substantially minimize friction. The CMM is typically interfaced with a 
computer or similar information storage or processing device. As an operator moves the 
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probe in contact with the workpiece, the computer records the relative spatial position of the 
probe. This infonnation is typically obtained by determining the position of the movable 
components of the CMM with respect to each of the machine's X, Y and Z bearing surfaces. 

Typically, CMMs are located in inspection rooms adjacent to a workshop floor. As 
used herein, the term '^workshop floor" refers to any production or manufacturing 
environment wherein worlq>ieces or assemblies including one or more workpieces are 
manufactured. Such term is meant to encompass those envux>nments not suitable for the 
performance of traditional dimensional metrology processes due to the eirprs induced in the 
measurements by the environment. Once a woikpiece is machmed, it is transported to an 
inspection room for dimensional verification. The workpiece is then measured, typically 
using a conventional cartesian CMM such as a horizontal arm or moving bridge CMM. 
Typically, a myriad of measurement points on the worIq)iece surface are recorded and 
analyzed to insure the worlqjieoe has been manufactured in tolerance. 

There is a need to locate the CMMs as close as possible to the workshop floor where 
the woricpieces are manufactured to reduce the time associated with such verification 
processes. The closer the CMM is to the production site for the worlq>ieces and assemblies, 
the more streamlined and efficient tiie manufecturing process. Typically, the machine tools or 
other equipment used to maniifacturd the workpiece remain idle during dimensional 
verification. Reducing such time, therefore, increases the unit production time. There are 
also costs associated with the creation and maintenance of the proper inspection room 
enviroimient. Systems included in the creation of such an environment include those that 
prevent penetration of dust into the inspection room, eliminate or compensation for workshop 
floor vibrations, control temperature, etc., as is known in the art. 

One conventional approach has been to reduce the size or otherwise configure the 
inspection rooms so as to enable the placement of the CMM near the production line. 
However, the cost of a CMM is significant. As such, most manufacturers cannot popxilate a 
production floor with the requisite or desired number of CMMs to measure a wor]q>iece 
immediately after a manufacturing process is completed. Thus, the majority of workpieces 
must still be transported to another location to be measured. 

Furthermore, placement of CMMs on the workshop floor have met with limited 
success due to the harsh environment typically existing at such locations. Such an 
environment that has not been successively guarded against in conventional systems. For 
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example, the CMM may be subject to extremely large temperature variations, spatial 
temperature gradients and temporal temperature gradients, depending where on the workshop 
floor the CMM is located. Other environmental effects that have not been successively 
prevented from adversely affecting the accuracy or reliability of the CMM mclude vibration, 
airborne particles and the like, as is well known in the art 

As a result, attempts have been made to create a ruggedized CMM immune to the 
workshop floor environment. One conventional approach has been to incorporate CMMs in a 
machine tool frame suitable for use in such a harsh environment. As noted, the workshop 
environment often includes machine tools for manu&cturing all or part of a worlq^iece. Some 
machine tools have been around for generations while others are just becoming available. 
However, in all cases, these machines, including their frames, have been proven to be 
incapable of withstanding the harsh workshop floor environment. Unfortunately, the 
incorporation of CMM components into a machine tool frame has met with limited success. 
In particular, these machines have limited measurement accuracy and reliability due their 
being imable to compensate for the various environmental conditions noted above. 

What is needed, therefore, is a cost effective and reliable CMM for use in a workshop 
floor environment capable of successively operating in a production environment. Such a 
system should be CBpaihle or providing the requisite degree of accuracy despite the local 
environment. 
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Summarv of the Invenrinn 
The present invention is a machine tool coordinate measuring machine (CMM) and 
method for using the same to measure a workpiece in a workshop environment that overcomes 
the above and other drawbacks of conventional CMMs designed for use in workshop 
5 environments. The n^chine tool CMM includes a niachine tool firame having one or more 
members and a table on which the workpiece is secured. The members and table are movable 
relative to each other along at least one, and preferably three, axes. A probe assembly having 
a probe configured to contact a desired surface of the workpiece is mounted on one member of 
the machine tool frame and one or more scales are mounted on the machine tool frame to 

10 provide positional data identifying a relative position between pairs of the membws and/or 
table along the at least one axis. A scanning controller configured to control the probe 
assembly and to receive scale and probe feedback mformation to obtain the positional data is 
also included. The scanning controller includes a multidimensional temperature 
compensation unit that dynamically determines temperature characteristics of the machine 

15 tool CMM based on mformation provided by temperature sensors moxmted on the frame, and 
compensates the positional data obtained fix>m the scales accordingly. A volumetric 
compensation unit configured to mathematically model and measure repeatable geometric 
errors of the machine tool frame and to compensate the positional data accordingly is also 
included. Preferably, a deflection compensation unit is also included to measure mechanical 

20 deflections of the machine tool frame based on signals generated by deflection sensors located 
on the machine tool frame. Thus, the scaiming controller receives positional data fix)m the 
scales andxompensates for errors in such positional data due to the machine tool frame and 
the workshop floor environment in which it is located. The compensated positional data is 
subsequently used by a measurement planning, analysis and reportmg unit that is responsive 

25 to the operator, controls the CMM and analyzes the compensated positional data to determine 
the location of points along a surface of the worIq)iece. 

Significantly, the incorporation of tiiese compensation units in a CMM implemented 
on a machine tool frame enables the machine tool CMM of the present invention to operate 
with high accuracy and repeatability in workshop environments. As a result, the machine tool 

30 CMM can be integrated in to the worlq^iece manufacturing cycle to monitor in real time the 
quality of the manufacturing. 
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Another advantage of the present invention is that the mechanical bearings of the 
machine tool firame are utilized to provide machine movement, eliminating the use of 
pneumadc-based systems typically used in CMMs. This provides increased accuracy and 
reliability in the workshop environment, to external mechanical vibrations. 

5 The use of a v^ell known machine tool frame suitable for the anticipated workshop 

environment, in combination with other features of the present invention, has many 
advantages. The use of a machine tool frame enables the additional use of the electronics 
associated with the operation of the machine tool frame, typically provided by the machine 
tool maniifrkcturer, provides for a machine tool CMM that has a high maintenance component 

10 familiarity. It also provides for increased reliability and operational time as compared to other 
CMMs placed in a workshop environment since the machine tools for which the frame was 
designed are capable of being implemented in such harsh environments without experiencing 
significant adverse effects. A still frirther advantage is that the resulting machine tool CMM 
is cost effective due to the use of a conunonly available machine tool frame. 

1 5 Another advantage of the present invention is that the CMM is insensitive to 

temperature variations, spatial temperature gradients and temporal temperature gradients, 
making the machine tool CMM, in combination with o&er features of the present invention, 
c£^able of accurately operating in a workshop environmmt. 

Thus, the use of certain embodiments of the machine tool CMM of the present 

20 invention eliminates the time traditionally associated with transporting parts from the 

workshop floor to the inspection room, reduces the manufacturing line down time associated 
with waiting for the workpieces to be dhnensionally verified, and eliminates the costs 
associated with the construction and maintenance of environmentally controlled inspection 
rooms. 

25 Further features and advantages of the present invention as well as the structure and 

operation of various embodiments of the present invention are described in detail below with 
reference to the accompanying drawings. 

Brief Description of the Drawings 
30 The present invention is pointed out with particularly in the appended claims. The 

above and other advantages of this invoition may be better understood by referring to the 
following description when taken in conjunction with the accompanying drawings in which 
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similar reference numerals indicate like or functionally similar elements or method steps. 
AdditionaUy, the left-most one or two digits of a reference numeral identify the figure in 
which the reference nimieral &st appear. 

Figure 1 is a perspective view of a conventional moving bridge coordmate measuring 
5 machine (CMM). 

Figure 2 is a perspective view of a conventional horizontal aim CMM, 

Figure 3 is a front perspective view of an exemplary machine tool frame suitable for 
use in the machine tool coordinate measuring machine (CMM) of the present invention. 

Figure 4 is a rear perspective view of an exemplary machine tool frame suitable for 
10 use in the machine tool CMM of the present invention. 

Figure 5 is a system block diagram of one embodiment of the machine tool CMM of 
the present invention. 



Detailed Descrip^n 

15 The present invention is a coordinate measuring machine (CMM) for use in workshop 

floor environment that overcomes the above and other drawbacks of conventional CMMs. 
The CMM of the present invention, referred to herein as a machine tool CMM, includes a 
basic frame and electronics of a machine tool and several advanced CMM control and data 
processing elements to form a machine tool CMM capable of reliably providing accurate 

20 dimensional measurements in a production floor or other manufacturing environment 

typically unsuitable for performing dimensional verification, referred to herein as a workshop 
floor environment. 

Figure 3 is a front perspective view of a machine tool frame suitable for use in the 
present invention. Figure 4 is a rear perspective view of the machine tool frame illustrated in 

25 Figure 3 . Rugged machine tool frames are well-known throughout the manufacturing 
industry. Exemplary machine tool frames suitable for use in the present invention are 
provided by companies such as Bridgeport Milling Machine, Bridgeport, CT, 
Cmcinnati-Milacron, Cincinnati, OH, Monarch Machine Tool, Cortland, NY, Giddings and 
Lewis, Fond du Lau, WI, IngersoU Milling, Rockford, IL and many others. The exemplary 

30 machine tool frame illustrated in Figures 3 and 4 is a machine tool frame used in a Torq-Cut, 
model 30 machine tool available from Bridgeport Milling Machine, Bridgeport, CT. The 
relatively high production volumes and demands imposed by manufacturing conditions make 
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machine tool frames cost efifective solutions for providing a rugged, reliable platform for 
operating a CMM to perform dimensional metrology in a workshop environment. 

The exemplary machine tool frame 300 is a knee-type (or C-section) machine tool 
firame that includes a plurality of members or elements and a table on which a workpiece is 
secured. The table is movable relative to the machine tool frame along the Y- and Z- 
axes. This C-section machine tool frame 300 includes a horizontal base 302 on which a 
vertical column assembly 304 is fixedly mounted. A tool arm 306 is fixed to and extends 
horizontally from vertical column assembly 304 over base 302. Base 302 supports a carriage 
308 mounted on parallel rails or guideways 310 that enables carriage 308 to travel toward and 
away from vertical column 304 along the Y-axis under the control of a drive motor 307 
(obscured from view under carriage 308). Table 3 14 is mounted to a second carriage 313 that 
moves across carriage 308 on guideways 312 in another linear axis (the X-axis) perpendicular 
to the Y-axis. A drive motor 3 1 S controls tiie position of carriage 313. Collectively, these 
carriage assemblies are commonly known as a cross-slide assembly. 

A workpiece (not shown) to be measured is secured to table 3 14 for contact by a probe 
assembly 317 installed at the lower end of a vertical control column or ram 318 movably 
mounted on horizontal tool aim 306. A drive motor 319 controls the position of ram 318 
perpendicularly to the X- and Y-axes along the Z-axis. Probe assembly 3 17 is mounted in a 
conventional manner on ram 318 and can be translated to any desired position within a 
measurement volume to measure points along a workpiece surface. A scale 322 between base 
302 and carriage 308, a scale 320 between carriage 308 and carriage 3 13, and a scale 324 
between ram 318 and tool arm 306 indicate the positions of the movable elements in the three 
axial directions. A number of temperature sensii^ elements 301 are incorporated at 
predetermined locations on the machine tool frame stmcture to provide data for temperature 
compensation algorithms performed by a temperature compensation imit described below. 
Also, in certain embodiments, mechanical deflection sensors 303 are also mounted in the 
machine tool frame for sensing mechanical deflections. 

A block diagram of one mibodiment of the machine tool CMM of the present 
invention is illustrated in Figure 5. Machine tool CMM 500 includes machine tool frame 300 
described above with reference to Figures 3 and 4, as well as a nxunber of CMM control and 
data processing elements 502 for obtaining and processing positional information to determine 
the location of points on a workpiece surface. In the embodiment shovm in Figure 5, machine 
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tool frame 300 has mounted thereon a scale system 522 for providing indications of the 
relative position of probe assembly 317 and the workpiece secured to the table 3 14 along each 
of the axes. In the illustrative embodiment, scale system 522 includes scales 320, 322 and 
324. Drive motors 524 translate each of the movable machine tool ftame members, each 
driven by a servo amplifier 523. In the illustrative embodiment, drive motors 524 include 
motors 3 1 5, 3 19 and 307, as shown in Figures 3 and 4, to translate the table 314 along the X- 
and Y-axes and the probe assembly along the Z-axes. As noted, temperature sensors 301 and 
probing system 3 17 are located on machine tool fiame 300 and, as such, are shown 
schematically in Figure 5. 

CMM elements 502 include a scanning controller 504 that opemtes with scale system 
522, drive motors 524, temperature sensors 301 and probmg system 317 on machine tool 
frame 300, directing probe assembly 317 and processing positional information as described 
below. As one skilled in the relevant art would find apparent, scanning controller 504 
includes other electronics, software, firmware and the like to operate with elements on the 
machine tool fiMie 300 and the control computer 506. . These well knoAvn systems are not 
pertinent to the present mvention and, as such, are not described herein. The scales 522, drive 
motors 524, temperature sensors 301 and probing system 317 are coimected to control 
computer 506, generally through input/output electronics connected to a backplane of 
scanning controller 504, as is well known in the art 

Control computer 506, which in the illustrative embodiment is implemented on any 
conventional computer platform, is responsive to a measurement planning, analysis and 
reporting unit 5 12 residing in a host computer 511. Planning, analysis and reporting unit 512 
receives operator inputs indicating the type of measurement to be made, analysis to be 
performed, or report to be generated. Unit 512 generates commands to control computer 506 
to implement such operator requests and provide results of such operations. The measurement 
planning, analysis and reporting imit 512 may be any such processing system now or later 
developed that includes workpiece geometry processing software. Such software provides 
programming &cilities, trajectory control processes and data analysis capability to perform 
data collection and reduction operations. Such processes are considered to be well known in 
the art and are commercially available. For example, exemplary systems stiitable for use in 
the present invention include PC-DMIS available bom Wilcox Associates, Inc, California, 
and SCEPTRE available from Electronic Measuring Devices, Flanders, NJ. Such systems are 
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commonly used in conjunction with moving bridge CMMs such as the MicroXcel 765 CMM 
available from Brown & Sharpe Manufacturing Co., North Kingstown, Rhode Island, USA. 

In a preferred embodiment of the present invention, probe assembly 508 includes an 
analog probe, and scaiming controller 504 includes well known processing features for 
controlling the movement of the analog probe. In this embodiment, scanning controller 504 
receives and processes feedback signals from probe system 317 and scales 522 indicative of 
the relative position of the analog probe to the workpiece surface. Probe assembly 317 and 
scanning controller 504 utilize well-known closed loop scanning techniques as is known in the 
art to enable the scanning controller 504 to generate servo control signals to drive probe 
assembly 3 17 to cause the analog probe to follow the workpiece surface. 

The use of such servo-^feedback controller techniques is preferred to verify the 
dimensions of equipment and devices having unknown or partially known contoured, free- 
form sur&ces and complex part geometries. Such systems provide higher data densities and 
better accuracies than other probing techniques. This enables the machine tool CMM 500 to 
provide the necessary degree of control over the manufacturing process to insure that the 
woricpiece dimensions are consistently within tolerances. Suitable scanning controller 504 
and analog probe assemblies are commonly available from Brewn & Sharpe Manufacturing 
Company, NorOi Kingston, Rhode Island, USA, Zeiss, Oberkochen, Germany, Electronic 
Measurinig Devices (EMD), Flanders, NJ, Starrett, Mt. Airy, NC and others. 

It should be understood that in alternative embodiments, probe assembly 508 may 
include other types of probes, as is well known in the art. For example, in one particular 
embodiment probe ass^bly 317 includes a touch trigger probe. Such an embodiment may be 
implemented in production environments where workpieces having traditional geometrically- 
shaped or prismatic shapes are manufactured. 

Controller 506 includes a temperature compensation unit 514, a voliunetric 
compensation unit 516 and, preferably, a deflection compensation unit 518. Controller 506 is 
configured to control probe system 317 and to read scales 522 to obtain positional data 
representative of points on a worlq>iece surface, and to compensate for errors in the positional 
data due to the workshop environment in which CMM 500 is implemented. The geometric or 
multidimensional temperature compensation unit 514 dynamically determines temperature 
characteristics of machine tool frame 300 and the workpiece based on information provided 
by temperature sensors 301 mounted thereon, and compensates the positional data obtained 
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from the scale system 522 accordingly. The temperature compensation unit 514 is described 
in further detail below. 

Volumetric compensation imit 5 1 6 is configured to mathematically model and 
measure repeatable geometric errors of the machine tool firame 500 and to compensate the 
positional data accordingly. Volumetric compensation unit 5 1 6 implements well-known 
methodologies to mathematically model repeatable geometric errors of machine tool CMM 
500. Such techniques have been conunonly used to perform similar compensation in 
positioning machines such as CMMs, machine tools and robots. 

Volumetric compensation unit 516 removes these errors from the positional data 
provided by scales 522 during use of machine 500 by applying math^natical model equations. 
This improves the accuracy of the machine 500 in its intended function as a workshop floor 
machine tool CMM. The techniques implemented in volumetric compensation unit 5 1 6 are 
well known techniques conunonly used in the metrology industry. In one preferred 
embodunent, the volumetric compensation unit 506 utilizes processes and apparatus disclosed 
in commonly owned U.S. Patent Nos. 4,939,678 and 4,884.889 to Beckwith et al., and U.S. 
Patent Application 08/523,014 entitled "CALIBRATION SYSTEM FOR COORDINATE 
MEASURING MACHINE", filed September 1, 1995 and naming as inventor Paul J, 
Anderson, the disclosures of which are hereby incorporated by reference in their entireties. 

As one skilled in the art would find apparent, volumetric compensation techniques 
such as those noted above must be calibrated for the type and configuration of the machine 
tool firame, depending on the technique implemented. Generally, during machine construction 
and adjustment, volumetric compensation unit 516 performs measurements for establishing 
the mathematical models for the particular machine tool fi:ame. Using auxiliary metrology 
equipment at the final assembly stage or during re-adjustment at a customer's facility, the 
systematic kinematic errors of each axis are carefully measured as a fimction of the machine's 
scale reading for the axis under test. There are typically six such errors per axis. The results 
of these measurements are typically stored on a disk in control computer 506 or, alternatively, 
in the host computer 511. During use, the actual scale readings are used to "look up" the 
previously measured errors at the indicated location, and subtract their effects fix)m the scale 
readings to produce a more accurate set of values for the probe location. It should also be 
understood that the data obtained for use by volumetric compensation unit 5 16 be formatted in 
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a format appropriate for the implemented algorithms. Such data acquisition and formatting is 
considered to be well known in the art. 

. As shown in the exemplary machine tool frame 300 illustrated in Figures 3 and 4, 
cross-slide assembly extends from the knee portion of the C-section fi:ame. This 
configuration is subject to significant potential mechanical deflections of the structure due to 
gravitational forces acting on the machine elements and/or worIq>iece placed on the machine 
table, causing errors in the workpiece measurements. 

Accordingly, in accordance with a preferred embodiment of the present invention, a 
deflection compensation unit S 1 8 is included in the control computer 506. Generally, such a 
deflection compensation unit 518 includes one or more additional sensors 303 in machine 
structure 300 to sense the mechanical deflections experienced by frame 300. In one 
embodiment, deflection sensors 303 include strain gage sensors, although other sensor types 
may be used to accomplish &e same purpose. The deflection control unit 518 detects such 
deflections and implements well known deflection algorithms for measuring the deflections 
and using such information to provide compensation to the positional information obtained 
fix)m scale system 522. It should be apparent that for each machine tool structure, 
optimization is required to establish the sensitivity of the structure to gravitational deflection, 
and to find the best location for the placement of smsors 303. 

In one embodiment, deflection compensation unit 51 8 is integrated into volumetric 
compensation unit 5 1 6, as illustrated by dashed box 517. In the illustrative embodiment 
shown in Figure 5, deflection compensation unit 518 is implemented as a stand-alone process 
implemented as a software module or modules in control computer 506. 

Of the conditions on the workshop floor that affect CMM accuracy, temperature has 
the greatest effect. Any tentiperature change in a room where the CMM is located distorts the 
geometry of both the machine structure and the worlq>iece, and eventually increases 
dimensional measurement uncertainty during inspection. The goal of any CMM operation is 
to eliminate tiiermally-induced errors in measuring performance. Thus, temperature 
compensation for the expansion and distortion of the machine structure is an essential element 
for accurate shop floor measurement, particularly since dimensions must be referenced to 
20C, in accordance with International Organization for Standardization (ISO) standard ISO-1, 
and machine distortion leads to geometric errors not detectable by volumetric compensation 
unit 516. In a preferred embodiment, multidimensional or geometric temperature 
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15 



20 



compensation techniques are implemented to provide full three-dimensional compensation for 



temperature gradients. 

The first-order and most widely used correction techniques apply equation (1) to each 
of the machine axes, and, usually, the workpiece. 



where, del-L is the change in length due to temperature; a is the coefiBcient of expansion; L is 
the length at 20 C; and T is the actual temperature. 

Applying this equation to each of the axes of machine SOO and the workpiece is 
frequently called "linear temperature compensation" and is known to be used for CMMs 
manvi&ctured by Brown & Sharpe Manufacturing Company, Zeiss, Sheffield, etc. The 
coefficient of expansion (a) is a generally available material property. Preferably, this value is 
adjusted slightly to optimize measurement accuracy on the specific machine tool fi-ame SOO, 
as is well known in the art. 

However, it is preferable that a more advanced approach, commonly referred to as 
"geometric temperature compensation" is utilized. Geometric or multidimensional 
temperature compensation takes into accoimt the distortions of machine frame SOO due to 
temperature differences within the machine. This may involve bending of a single machine 
member or element, and/or rotations of individual machine members relative to each other, or 
to the workpiece. 

Related to the widely used volumetric compensation techniques briefly described 
above, "linear temperature compensation" may be said to adjust the axial displacement errors 
for temperature, while the "geometric temperature compensation" may be said to adjust the 
transverse displacement errors (straightness), angular errors (yaw, pitch, roll) and 
orthogonality errors (squareness) for the effects of temperature. 

A common representations of single element bending is shown in Equation (2): 



temperature variations, across the machine firame SOO, as well as spatial and temporal 



(1) 



del-L = a*L*(T-20) 



30 



del-L = c*x'^2*(T2-Tl) for a straightness, and 
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where del-L is a transverse error; c is a proportionality constant; x is a position along the 
bending element; and Tl, T2 are temperatures measured at two separated locations on the 
element 

Optimization in the application of Equation (2) is required through determination of 
the proportionality constant and the selection of the two tempmture measurement locations. 
For the simplest relative rotation of an element, a linear approximation is used, as follows, 
although higher order terms (quadratic, cubic, etc.) are also possible. 



where del-angle is a temperature dependent rotation angle; d is a proportionality constant; x is 
a position along the rotating element; T3, T4 are temperatures measured at two separated 
locations on one element or at different locations on two elements of the machine structure. 
Again, optimization in the s^plication of Equation (3) is required through determination of the 
proportionality constant and the selection of the two temperature measurement locations. 
Changes in orthogonality, or squareness, can be handled simply by 



v^^here del-angle is the change in orthogonality; e is a proportionality constant; TS, T6 are 
temperatures measured at two separated locations on one element or at different locations on 
two elemmts of the machine structure. Again, optimization in the application of this equation 
is required through determination of the proportionality constant and the selection of the two 
temperature measurement locations. Application of such geometric temperature 
compensation are commonly used on CMMs manu&ctured by Brown & Shaxpe 
Maniifacturing Company and Zeiss and on a laboratory machine tool by NIST and others. 

Such a temperature compensation system is capable of identifying and calculating 
temperature gradients and transients. The system includes the strategic placement of sensors 
301 , which is a function of the type and configuration of the machine tool firame, the 
individual machine, and the anticipated operating environment, preferably determined 
empirically at system installation. In one embodiment, the temperature compensation unit is 
capable of providing temperature compensation techniques for an operating temperature range 



(3) 



del-angle = d*x*(T4-T3) 



(4) 



del-angle = e*(T6-T5) 
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of 15-40C, making CMM 500 relatively insensitive to temperature variations, spatial 
temperature gradients and temporal temperature gradients. 

While various embodiments of the present invention have been described above, it 
should be understood that they have been presented by way of example only, and not 
limitation. Thus, the breadth and the scope of the present invention are not limited by any of 
the above exemplary embodiments, but are defined only in accordance with the following 
claims and their equivalents. 
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1. 




a machine tool fiame having one or more elements and a table on which the workpiece 
is secured, said one or more elements and said table movable relative to each other along at 
least one axis; 

a probe assembly mounted on said machine tool firame having a probe configured to 
contact a desired surface of the workpiece; 

one or more scales each mounted on said machine tool frame to provide positional 
data identifying a relative position between two of said at least one movable element and said 
table along one of said at least one axis; 

a scanning controller configured to control said probe assembly and to read said one or 
more scales to obtain said positional data, said controller including: 

a multidimensional temperature compensation unit configured to dynamically 

determine one or more temperature characteristics of said machine tool frame based on 

information provided by a plurality of temperature sensors mounted on said machine 

tool frame, said temperature compensation unit further configured to compensate said 

Ix>sitional data accordingly, and 

a volumetric compensation unit configured to mathematically model and 

measure repeatable geometric errors of said machine tool frame configuration and to 

compensate said positional data accordingly; and 

a measurement planning, analysis and reporting unit, responsive to user inputs, 
configured^to control said scanning controller and to analyze said compensated positional data 
representing measurement points along a surface of the worlq)iece. 

2. The CMM of claim 1, 

wherein the probe assembly includes an analog probe, and 

wherein said scanning controU^ fiirther comprises means for providing servo control 
signals to said analog probe. 



3. 



The CMM of claim 1, wherein said probe assembly includes a touch trigger probe. 
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4. The CMM of claim 1 , wherein said multidimensional temperature compensation unit 
dynamically determines temperature characteristics of the workpiece 

5. The CMM of claim 1 , wherein said temperature characteristics include temperature 
5 variations and spatial and temporal temperature gradients. 

6. The CMM of claim 1 , further comprising one or more deflection sensors mounted on 
said machine tool £rame, and wherein said scanning controller further comprises deflection 
compensation means for compensating said positional data obtained from said scales for 

10 mechanical deflections in said machine tool frame. 

7. A CMM for nieasuring a workpiece in a workshop environment comprising: 

a machine tool frame having one or more elements and a table on which the workpiece 
is secured, said one or more elements and said table movable relative to each other along at 
IS least one axis; 

a probe assembly mounted on said machine tool frame having a probe configured to 
contact a desired surface of the workpiece; 

one or more scales each mounted on said machine tool frame to provide po^tional 
data identifying a relative position between two of said at least one movable element and said 
20 table along one of said at least one axis; 

a scanning controller configured to control said probe assembly and to read said one or 
more scales to obtain said positional data, said controller includmg: 

temperature compensation means for compensating said positional data 
obtained from said one or more scales for temperature variations and spatial and 
25 temporal temperature gradients of said machine tool frame and the worlq>iece, 

including a plurality of temperature sensors mounted on said machine tool firame, 

volumetric compensation means for compensating said positional data obtained 
from said one or more scales for repeatable geometric errors of said machine tool 
frame, and 

30 deflection compensation means for compensating said positional data obtained 

from said scales for mechanical deflections in said machine tool frame; and 
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measurement planning, analysis and reporting means for performing workpiece 
geometry processing including data collection and reduction means for collecting and 
processing said compensated positional data. 
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